The 'tongue-and-groove problem' in step-and-shoot delivery of intensity modulated radiotherapy is investigated. A 'tongue-and-groove' index (TGI) is introduced to quantify the 'tongue-and-groove' effect in step-and-shoot delivery. Four different types of leaf sequencing methods are compared. The sliding window method and the reducing level method use the same number of field segments to deliver the same intensity map, but the TGI is much less for the reducing level method. The leaf synchronization method of Van Santvoort and Heijmen fails in step-and-shoot delivery, but a new method inspired by the method of Van Santvoort and Heijmen is shown to eliminate 'tongue-andgroove' underdosage completely.
Introduction
In recent years, there has been a growing use of the multileaf collimator (MLC) as a means to achieve intensity modulated radiotherapy (IMRT). MLC-based IMRT can be delivered either in dynamic mode or static mode. In dynamic MLC delivery, radiation is on while the leaves are in motion. In static MLC delivery, also called step-and-shoot, radiation is off while the leaves are in motion and is turned on once the leaves have been positioned.
Leaves in commercial MLCs have stair-step leaf-sides and adjacent leaves interlock in a 'tongue-and-groove' arrangement in order to minimize interleaf transmission. This can cause 'tongue-and-groove' underdosage (TGU) in both step-and-shoot delivery of IMRT (Galvin et al 1993a , 1993b , Chiu et al 1994 , Mohan 1995 , Yu 1998 , Sykes and Williams 1998 , Huq et al 2002 , and dynamic MLC delivery of IMRT (Van Santvoort 1996 , Webb 1997 , Cho and Marks 2000 , Essers et al 2001 , Deng et al 2001 . A study on the TGU effect on IMRT dose distributions (Deng et al 2001) indicates that, when the number of beam portals used in a treatment plan is large, the TGU has negligible effect on dose distribution. However, when the number of beam portals in an IMRT treatment plan is small, the TGU effect may be clinically significant. A more recent study (Agazaryan and Solberg 2003) finds that the TGU effect in a single clinical beam portal can be as much as 12%. Because of 'smearing' of dose in tissue, the TGU is more pronounced for a superficial tumour, e.g. neck nodes in treatment of the head and neck. TGU can be reduced by careful leaf sequencing, and TGU reduction is routinely applied clinically in some commercial leaf sequencing packages, e.g. the IMFAST software of Siemens (Siochi 1999), which has been implemented in IMRT treatment planning systems such as CORVUS. Here, we start with the assumption that the TGU is undesirable and could be clinically significant in some situations, and seek to eliminate the TGU completely via proper leaf sequencing.
For dynamic MLC delivery, it has been shown that it is possible to eliminate the TGU completely by synchronizing the adjacent leaves (Van Santvoort and Heijmen 1996, Webb et al 1997) . For static MLC delivery, however, there has been no reported method in the literature that eliminates the TGU completely. The IMFAST leaf sequencer (Siochi 1999) reduces the TGU at the cost of using more segments, but it does not eliminate the TGU completely. A newly reported leaf sequencing algorithm (Agazaryan and Solberg 2003) reduces the TGU from a maximum of 12% to 3%. In this work, we report a new leaf sequencing method that eliminates the TGU in static MLC delivery completely. We also introduce a 'tongue-and-groove' index (TGI) to quantify the TGU and to objectively rank various MLC leaf sequences with respect to TGU.
Quantifying the 'tongue-and-groove' effect in step-and-shoot delivery
The same clinical beam intensity map can be delivered by different sequences of static MLC fields, generated by different leaf sequencing methods. The amount of 'tongue-and-groove' effect is generally different for each sequence of static MLC fields. In order to compare and evaluate the different leaf sequences in terms of the 'tongue-and-groove' effect, it is necessary to quantify the 'tongue-and-groove' effect by defining a 'tongue-and-groove' index.
Let us assume that the MLC leaves move along the x direction, with x increasing to the right. The leaf pairs are labelled by i = 1, 2, 3, . . . , with the i = 1 pair at the top. In step-andshoot delivery, the 'tongue-and-groove' underdosage occurs when two MLC segments abut, i.e. when the lower field edge of one segment coincides with the upper field edge of another segment. The amount of 'tongue-and-groove' effect from these two field segments is related to the length of the shared borders, as well as the field intensities of the two segments. We define the 'tongue-and-groove' index (TGI) to be
where L ab is the length of the shared border along x between the two segments, and I a , I b are the intensity levels of the two segments, and the summation is over all possible pairs of segments in the same leaf sequence. Figure 1 demonstrates the definition of L ab in two cases.
, L ab is as indicated. In order to carry out the summation in equation (1), for a leaf sequence with N segments ( j = 1, 2, 3, . . . , N ), the j = 1 segment would be compared to N − 1 segments ( j = 2, 3, 4, . . . , N ). Then the j = 2 segment would be compared to N − 2 segments ( j = 3, 4, 5, . . . , N ). In general, the jth segment would be compared to N − j segments. The above definition for the TGI is an improvement over the definition by Agazaryan and Solberg (2003) . In their definition, if segment A has a lower border shared with the upper figure 1 , and we let L a increase further, the TGI would increase, but physically there has been no increase in the 'tongue-and-groove' effect at all. Such a spurious increase in the TGI is not present in the definition proposed in equation (1).
To implement the definition in equation (1) in a computer program, the most convenient way is to search the two matrices representing the two segments column by column, to see if an open cell and a closed cell in a given column of the first matrix is matched by a closed cell and a open cell in the same column of the second matrix. If a match is found, we add to the TGI the cell length (along x) multiplied by the minimum intensity level among the two segments. This approach works even if the field border is jagged, or if a segment has fully closed leaf pairs in-between open leaf pairs above and below.
The significance of TGU can vary across the field: it may be important in the target regions, and less important near boundaries, and may even be beneficial in the regions of critical organs. The TGI as defined here is a global index and does not necessarily reflect clinical importance. If there exists a correspondence between different regions and different pairs of MLC leaves and their positions, then it should be possible to define local TGIs for those regions separately, and such local TGIs would carry more clinical significance than the global TGI defined here. Nevertheless, the global TGI allows us to rank different leaf sequencing methods in a general sense quite conveniently. We will leave the study of local TGIs for the future.
Comparison of the 'tongue-and-groove' effect in step-and-shoot delivery
Among all the leaf sequencing algorithms, the algorithm of Bortfeld et al (1994) is one of the most popular algorithms used clinically, for at least two reasons. (1) It can be used 0  66  18  100  12  14  12  149  15  0  54  19  100  10  72  10  210  15  0  40  20  100  11  39  11  435  13  0  39  21  100  10  18  10  200  12  0  48  22  100  10  27  10  165  14  0  43  23  100  10  26  10  318  14  0  46  24  100  12  50  12  268  16  0  54 for both dynamic MLC and static MLC. (2) It requires the least beam-on time compared to other algorithms for step-and-shoot, hence minimizing dose due to transmission through the leaf.
In step-and-shoot delivery, one has the option of using 'sliding window' or 'reducing level' techniques (Bortfeld et al 1994, Xia and Verhey 1998) . In the 'sliding window' technique, the leaves move unidirectionally (no backtracking of leaves). This technique is used in both dynamic and static MLC delivery of IMRT. The 'reducing level' technique (Xia and Verhey 1998) allows the leaves to move in both directions and is used in step-and-shoot delivery. In the algorithm of Bortfeld et al, all segments have the same intensity level, say 1. Left and right leaf positions for a given leaf pair are found by intersecting a 1D intensity profile with horizontal lines with increments of one intensity level. If we sort the leaf positions by ascending order, we obtain the sliding window sequence. If the leaf positions are not sorted, we have the reducing level sequence. The two techniques have the same number of segments. (Table 1 of Xia and Verhey's (1998) paper suggests there are slight differences in the number of segments between the two techniques. We believe that this is because the sliding window technique implemented by Xia and Verhey is not identical to Bortfeld's, which is the one we use here.) We find that both techniques contain 'tongue-and-groove' effect, but as we will show below, the TGI is much reduced in the reducing level technique.
For dynamic MLC delivery, Van Santvoort and Heijmen (1996) were able to remove the 'tongue-and-groove' effect by adjusting the leaf speeds so that between any two adjacent leaf pairs, the right leaf of the pair with the smaller opening does not exceed the right leaf of the leaf pair with the larger opening. Further analysis by Webb et al (1997) , taking into account stair-step leaf transmission, confirms the validity of Van Santvoort and Heijmen's method. On the other hand, Xia and Verhey (1998) noted that for step-and-shoot delivery, the method of Van Santvoort and Heijmen does not work since the leaf speed is no longer a parameter of adjustment. Our own tests confirm the observation of Xia and Verhey, as will be shown below. To apply Van Santvoort and Heijmen's method to static MLC delivery, first we use the sliding window method to generate a tentative segment. Then we check the leaf positions of adjacent leaf pairs to see if the condition proposed by Van Santvoort and Heijmen is satisfied, i.e. the right leaf of the pair with the smaller opening does not exceed the right leaf of the leaf pair with the larger opening. If the condition is violated, the right leaf of the pair with the smaller opening is pulled to the same position as the right leaf of the leaf pair with the larger opening. The segment is finalized when all adjacent leaf pairs satisfy the condition proposed by Van Santvoort and Heijmen. This segment is subtracted from the intensity map to be delivered to obtain the residual intensity map (Que 1999) , and the process is repeated to find the subsequent segments.
For step-and-shoot delivery, all the above-mentioned methods are unable to eliminate the 'tongue-and-groove' underdosage completely. We are tempted to find a new leaf sequencing method that is free of the 'tongue-and-groove' effect for step-and-shoot. Inspired by Van Santvoort and Heijmen, we propose a new method as follows: For a given intensity map, first we use the sliding window method to generate a tentative segment. Then we search through the right leaf positions to find the left-most right leaf position, and set all the right leaves to that position. (Some leaf pairs may become closed in this process.) This would give the final leaf configuration of the first segment. The residual intensity map is then calculated, and the process is repeated to find the second segment and so on. This method is found to eliminate the TGU completely in step-and-shoot delivery.
Comparison among the four methods is made for three clinical IMRT plans with a total of 24 intensity modulated beams, as well as 1000 randomly generated intensity matrices. The three clinical IMRT plans were generated with a HELIOS v2.7 IMRT system for 6 MV with a 26 pair MLC. Leaves are 1 cm wide at 100 cm source to axis distance. The intensity maps are obtained from the clinical plans, and different leaf sequences are generated and compared. The results are presented in table 1. All three patients had pancreatic cancer. Beams 1-10 are from a plan for 'Alice', beams 11-17 are from a plan for 'Bob' and beams 18-24 are from a plan for 'Eve'.
A TGI value of 0 for the new method for all 24 beams shows that the new method is able to eliminate the 'tongue-and-groove' effect completely, but this is achieved at the cost of increasing the number of segments substantially. When the method of Van Santvoort and Heijmen is applied to step-and-shoot, it is not effective in reducing the TGI compared to the sliding window method, with slight reductions in only 4 out of 24 beams. This is not too surprising because the method of Van Santvoort and Heijmen was proposed for dynamic delivery only and was not meant for step-and-shoot. On the other hand, although the reducing level method uses exactly the same number of segments as the sliding window method, it produced much lower TGI than the sliding window method for most beams.
We have also tested the four different leaf sequencing methods by 1000 randomly generated intensity matrices. Each intensity matrix has ten intensity levels and is 15 × 15 in size. Leaf sequences are generated for these intensity maps using the four methods, and the results are summarized in table 2. Among the four methods, the sliding window method and the method of Van Santvoort and Heijmen have comparable average TGI, confirming the earlier observation that for stepand-shoot delivery, the method of Van Santvoort and Heijmen is not effective in eliminating the 'tongue-and-groove' effect. The reducing level method has a significantly lower TGI than the sliding window method, even though it has exactly the same number of segments as the sliding window method. On the other hand, the new method completely removed the 'tongueand-groove' effect as indicated by the TGI value of 0, at a cost of increasing the number of segments substantially.
To understand the above results, we note that three of the methods (sliding window, Van Santvoort and Heijmen and the new method) are sliding window type, with the latter two having additional constraints. In the simple sliding window method without constraints, if a right leaf B lags behind a neighbouring right leaf A, this lag has a tendency to be maintained throughout the sequence. The same can be said for the left leaves. This consistency in lag makes the method prone to the 'tongue-and-groove' effect. The constraint in the new method eliminates the lag of the right leaf completely, and eliminates the 'tongue-and-groove' effect. For the reducing level method, the leaves tend to 'close-in' from a wide-open configuration, and it is less prone to the 'tongue-and-groove' effect than the simple sliding window method.
Other than the number of segments, we have also compared the average leaf pair opening (ALPO) as defined by Zygmanski and Kung (2001) . The ALPO is a measure of the segment size in the x direction (leaf movement direction). We find that the new method produces the smallest ALPO, followed by the method of Van Santvoort and Heijmen. The sliding window and reducing level methods produce the same ALPO values. This means that the new method tends to produce many narrow segments. Also, we find the segments produced by the new method have longer average length in the y direction than those produced by other methods.
Discussion and conclusion
We have introduced a 'tongue-and-groove' index to quantify the 'tongue-and-groove' effect, and to rank different leaf sequencing methods in terms of the TGI. One interesting question is whether the user could tune the TGI value to obtain leaf sequences of specified TGI values. At this point, a strict implementation of this feature is not possible, but a 'poor man's version' is certainly feasible. This can be achieved behind the scenes by ranking different leaf sequencing methods by their average TGI values, and by picking a leaf sequencing method whose average TGI value is closest to the value requested by the user.
We have proposed a new leaf sequencing method that eliminates the 'tongue-and-groove' effect completely for step-and-shoot delivery. The elimination of TGU is achieved at the cost of increasing the number of segments substantially. At this point it is premature to conclude if this method is clinically useful or not in a general sense. One has to look at each clinical case individually and weigh the benefits and drawbacks of applying the new method.
The new leaf sequencing method produces segments that are narrow in the x direction (direction of leaf motion), but long in the y direction. Since organ motion during IMRT delivery is usually the largest along a particular direction, the leaf sequence produced by the new method could be more forgiving for organ motion than other leaf sequences if we align the y direction with the principal direction of organ motion in the beam's eye view.
Our study shows that the reducing level method has much less 'tongue-and-groove' effect than the sliding window method. Although the reducing level method does not perfectly eliminate the 'tongue-and-groove' effect, the dose distribution could be clinically acceptable. Since this method uses the same number of segments as the sliding window method, it offers an attractive alternative to reduce the 'tongue-and-groove' effect substantially without significant change in delivery time.
